Abstract Using a one-dimensional fluid model, the pulse-modulated radio-frequency dielectric barrier discharge in atmospheric helium is described. The influences of the pulse duty cycle on the discharge characteristics are studied. The numerical results show that the dependence of discharge characteristics on the duty cycle is sensitive in the region of around 40% duty cycle under the given simulation parameters. In the case of a larger duty cycle, the plasma density is higher, the discharge becomes more intense, but the power consumption is higher. When the duty cycle is lower, one can get a weaker discharge, lower plasma density and higher electron temperature in the bulk plasma. In practical applications, in order to get a higher plasma density and a lower power consumption, it is more important to choose a suitable duty cycle to modulate the RF power supply.
Introduction
Atmospheric pressure glow discharge (APGD) plasmas generated by a radio-frequency (RF) power supply are being explored for a wide range of applications [1∼3] . Compared with other APGD plasmas, RF APGD plasmas have their merits due to a relatively low discharge voltage and higher plasma intensity [4, 5] . Despite the evident advantages of atmospheric RF plasmas, high power consumption and gas temperature restrict their application scope.
Pulse-modulated RF APGD plasmas have been recently studied experimentally by a few research groups [6∼10] . It shows that such pulse modulation can reduce both neutral gas temperature and power consumption. When pulse modulated at a frequency up to hundreds of kilohertz, the power consumption of RF APGDs was reduced considerably and their discharge stability was also improved [6] . The discharge features might also vary with pulse modulation in terms of repetition frequency and duty cycle [8] . Furthermore, the physical mechanism underlying the RF APGDs is worth elucidating with numerical simulation.
In our previous work [11] , we have developed a one-dimensional fluid model to simulate the pulsemodulated RF dielectric barrier discharge in atmospheric helium. The numerically obtained dependence of discharge current density on pulse duty cycle was found to be consistent with experimental results [8] . In this paper, we further investigate the characteristics of pulse-modulated RF dielectric barrier discharge using the same fluid model. Our attention is focused on the effects of the duty cycle on the discharge characteristics, especially, on the electron densities, metastable helium atoms density and electron temperature.
Numerical model
We consider a glow discharge generated in atmospheric helium between two parallel-plate electrodes covered with dielectric barriers. Discharge characteristics are studied in the direction perpendicular to the electrode plane. 
where n and j are the number density and flux density of species, S is the source term obtained from chemical reactions among plasma species, including direct ionization, excitation, recombination, and so on. Relevant rate coefficients are the same as those used in Ref. [12] .
The subscripts e, i, and * denote electrons, ions and metastable species, respectively. The flux density of each species is evaluated by the drift-diffusion approximation
where D is the diffusion coefficient and µ is the mobility.
The electric field E in the discharge gap is calculated by solving the current conservation equation, which is deduced from the Poisson equation [13] .
where ε=ε 0 ε r , ε 0 is the vacuum permittivity, ε r is the relative permittivity constant. The symbols i = e(j i − j e ) and i 0 are the conductive current density and the total current density, respectively. The energy conservation equation for electron mean energy is given as follows
where k is the Boltzmann constant, T e is the electron temperature, p coll is the energy lost in various reactions, and q e is the electron thermal flow given by
The pulse-modulated applied voltage between electrodes is given by
where f is the RF frequency, V 0 (t) is the voltage amplitude modulated by pulse, of which the waveform is shown in Fig. 1 . The above set of equations is numerically solved using the same technique as used previously, and more details can be found in Ref. [11] and references therein.
Results and discussion
The simulation parameters are chosen as follows: the gas pressure is 760 Torr and the gas temperature is set to be 300 K. The gas gap is 2.4 mm, the thicknesses of the two dielectric barriers are both 0.5 mm with a relative permittivity of 9.0. The frequency of the RF power source is 15 MHz, the pulse modulation frequency is fixed at 100 kHz and the duty cycle is variable in the simulations, the peak applied voltage is 500 V.
The secondary electron emission coefficient due to ion bombardment at the cathode is assumed to be 0.03.
The time-averaged species number densities in the gas gap during RF power on are shown in Fig. 2 (the duty cycle of modulation pulses is 80%), it is similar to that of RF APGDs without pulse modulation [14] . The electric field in the gas gap during RF power on is almost the same as that of RF APGDs without pulse modulation (not given here). Fig.1 Waveform of the pulse-modulated applied voltage. The duty cycle of the modulation pulse is 80% Fig.2 Time-averaged species number densities in the gas gap during RF power on. The duty cycle of modulation pulses is 80%
To study the dependence of the discharge characteristics on the duty cycle, the spatial profiles of timeaveraged electron density, metastable helium atom density, electron temperature and electric field in the gas gap under different duty cycles are shown in Figs. 3∼8.
As can be seen from Fig. 3 , the electron density in the bulk plasma decreases with decreasing duty cycle, nevertheless, the dependence is not linear. As shown in Fig. 4 , the change rate of electron density is larger when the duty cycle is in the region of around 40% duty cycle. When the duty cycle is higher than 50% or lower than 30%, the electron density in the bulk plasma increases slowly with increasing duty cycle. For the case of a duty cycle of lower than 40%, the electron density is one order of magnitude lower compared with the case of a 100% duty cycle. The influence of the duty cycle on metastable helium atom density is shown in Fig. 5 . It indicates that a higher metastable helium atom density can be obtained at a higher duty cycle. There are two different regimes for the evolution of metastable helium atom density in the bulk plasma, as shown in Fig. 6 . When the duty cycle is lower than 40%, the metastable helium atom density is lower and decreases much more rapidly with decreasing duty cycle. However, for the case of a duty cycle of higher than 50%, it is seen that changes in the duty cycle result in a relatively small increase in the metastable helium atom density in the bulk plasma. The possible mechanism for this is attributed to the slow speed of the metastable helium atoms by diffusion during the RF power-off time. So the metastable helium atom density will tend to saturate with increasing RF power-on time in the case of a higher duty cycle. Moreover, more metastable helium atoms are produced within the sheath when the duty cycle is increased. So the ratio between the metastable helium atoms density in the bulk plasma to that in the sheaths increases with reducing duty cycle.
The above features can be understood by examining the evolution of the electron temperature and the electric field shown in Figs. 7 and 8. As duty cycle decreases both the electron temperature and electric field in the sheaths decrease. This reduction results in less efficient excitation and ionization of the background gas in the sheath edges. At the same time, the electron temperature in the bulk plasma increases with decreasing duty cycle, i.e., as the electron temperature profile becomes flatter, the discharges become fainter, too. 5 The time-averaged metastable helium atoms density in the gas gap during RF power on Fig.6 The variation of time-averaged metastable helium atoms density in the bulk plasma versus duty cycle during RF power on Fig.7 The time-averaged electron temperature in the gas gap during RF power on Fig.8 The time-averaged electric field in the gas gap during RF power on From the simulation results we can see that the dependence of discharge characteristics on the duty cycle is sensitive in the region of around 40% duty cycle under the currently used simulation parameters. With a lower duty cycle, the discharge becomes weaker, the plasma density is lower, the electron temperature in the bulk plasma is higher. The increase in electron temperature in the bulk plasma will result in an increase in the gas temperature because the energy transfer in electronneutral collisions is a strong heating mechanism in atmospheric RF discharges [15] . However, in the case of a larger duty cycle, the plasma density is higher, the discharge becomes more intense, and the power consumption becomes higher too [8] . So it is a key issue to choose a suitable duty cycle in pulse-modulated RF APGDs so as to get a better effect in practical applications.
Conclusions
In summary, pulse-modulated RF APGDs have been simulated with a one-dimensional fluid mode. The simulation results show that the duty cycle has a profound effect on the characteristics of pulse-modulated RF APGDs. It indicates that around a 40% duty cycle is a sensitive region under currently used simulation parameters. The plasma density is higher with a larger duty cycle, however, the power consumption decreases less. In the case of lower duty cycle the power consumption is lower while the plasma density is lower, too. In practical applications, in order to get a higher plasma density and a lower power consumption it is more important to choose a suitable duty cycle to modulate the RF power supply. 
